Scope: The tea polyphenol (-)-epigallocatechin-3-gallate (EGCG) has been shown to ameliorate metabolic abnormalities and fatty liver. The present study investigates the mechanisms of actions of EGCG on bile acid homeostasis and lipid metabolism. Methods: Male C57BL/6J mice are fed a low-fat diet, a high-fat western-style diet, or a high-fat western-style diet containing 0.32% EGCG. The effects of the treatments on biochemical parameters, gene expression, and lipidomics are analyzed. Results: EGCG treatment significantly reduces body weight gain, mesenteric fat mass, fasting blood glucose, insulin resistance, serum cholesterol, and severity of fatty liver after treatment for 17 weeks, but most of these effects were less apparent at week 33. At week 17, EGCG treatment significantly elevates the mRNA levels of cholesterol 7α-hydroxylase, HMG-CoA reductase, low-density lipoprotein receptor, and scavenger receptor B1, and partially normalizes the high-fat diet induced lipidomic profile. The intestinal bile acid content is significantly decreased by EGCG, while fecal excretion of bile acids, cholesterol, and total lipids are increased. Conclusion: EGCG decreases bile acid reabsorption, results in lower intestinal bile acid levels, which further decreases the absorption of lipids. These actions contribute to the alleviation of metabolic abnormalities and fatty liver disease caused by the high-fat diet.
Introduction
Green tea, a popular beverage worldwide, is derived from the plant Camellia sinensis and contains high levels of polyphenols. Among all the tea polyphenols, (-)-epigallocatechin-3-gallate (EGCG) is the most abundant and most bioactive component. [1, 2] In the past decades, green tea has been shown to reduce body weight, alleviate metabolic syndrome, and prevent diabetes, cardiovascular diseases, and other diseases in animal models and humans. [2] However, the time-dependent changes and the fundamental mechanisms of these health benefits of green tea still remain unclear. Recently, several studies have shown that green tea and EGCG affect hepatic bile acid homeostasis. Hirsova et al. found that EGCG (50 mg kg -1 body weight, intraperitoneal) significantly increased the gene expression of hepatic cholesterol 7α-hydroxylase (Cyp7a1), a rate-limiting enzyme of hepatic bile acids synthesis, as well as the plasma 7α-hydroxy-4-cholesten-3-one levels in female www.advancedsciencenews.com www.mnf-journal.com Wistar rats. [3] The upregulation of hepatic Cyp7a1 by EGCG was also shown in a cholesterol gallstone mouse model and hepG2 cell line. [4, 5] On the other hand, EGCG treatment was shown tomarkedly decrease the mRNA levels of major bile acid transporters (Asbt and Ostα) in the rat ileum. [3] Metabolic syndrome (MetS) is a cluster of metabolic abnormalities generally characterized by abdominal obesity, elevated blood pressure, elevated levels of fasting plasma glucose, high levels of serum triglycerides, and low levels of HDL-cholesterol (HDL-C). [6, 7] MetS is becoming a major public health and clinical challenge worldwide. [7] It significantly increases the risk of diabetes and cardiovascular diseases. Fatty liver is a disorder with excess fat in the liver, and is thought to be a cause and a consequence of MetS. [6, 7] In recent years, bile acids have been shown to regulate lipid and carbohydrate metabolism as well as energy homeostasis in both hepatic and extrahepatic tissues. [8] Li et al. showed that a Cyp7a1/SREBP2/miR-33a axis played a critical role in regulation of hepatic cholesterol, bile acid, and fatty acid synthesis, and an antagonist of miR-33a increased bile acid synthesis to maintain lipid homeostasis and prevent fatty liver diseases. [9] However, there have been no studies examining the role of bile acid homeostasis in the regulation of lipid metabolism by tea catechins in mice.
In this study, we investigated the effects of dietary EGCG on parameters related to MetS and fatty liver disease in mice fed a high-fat western-style diet (HFW). The HFW was used in our previous study to mimic the Western dietary risk factors for the induction of MetS in mice. [10] It contained fat contributing 60% of the total calories and lower levels of calcium, vitamin D 3 , choline, folate, and fiber than the regular AIN76 or AIN93 diets. [10] A dose of 3.2 g EGCG kg -1 diet was selected for study based on our previous work [10] and our review of the literature. [2] This is an effective dose without adverse side effects. In the present work, the beneficial effects of EGCG were observed at 17 weeks, but less pronounced at 33 weeks. The effects of EGCG on bile acid and lipid metabolism were characterized in samples collected at 17 weeks. Lipidomic analysis was conducted to characterize alterations in lipid species, and quantitative PCR was used to study key gene expression changes pertaining to lipid metabolism. The results showed that EGCG lowered intestinal bile acid levels and decreased absorption of lipids, and these actions contributed to the alleviation of metabolic abnormality and fatty liver.
Experimental Section

Diet and Treatment of Animals
Male C57BL/6J mice (8 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME). All animal studies were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of Rutgers, the State University of New Jersey. All efforts were made to minimize the suffering of experimental animals. The animals were housed in plastic cages with corncob bedding, five mice per cage, in an environmentally controlled mouse room (temperature 24 ± 0.5°C, relative humidity 70-75%, and artificial illumination from 6:00 am to 6:00 pm). All the mice received diets and tap water ad libitum throughout the experiment.
The rodent diets were low-fat diet (LF, AIN93M diet with 10% calories from fat), HFW (60% calories from fat), and HFW + EGCG diet (HFWE, containing 3.2g EGCG kg -1 diet). These diets were prepared by Research Diets Inc. (New Brunswick, NJ), and the compositions were published previously. [10] The EGCG (purity of 94.5%) used in this study was a gift from Dr. Yukihiko Hara of Tea Solutions, Hara Office, Inc. (Tokyo, Japan).
After one week of acclimation on laboratory chow, the mice were randomly divided into three groups, and subjected to the following treatments: LF (n = 10), HFW (n = 20), and HFWE (n = 20) for 33 weeks. Body weight, diet consumption, and water consumption of experimental animals were monitored weekly. Fecal samples (each for a 48-h period) were collected biweekly and stored at -80°C for further analysis.
Monitoring of Blood Parameters
The fasting blood glucose was monitored using test strips on the Ascensia Contour Blood glucose meter (Bayer Healthcare LLC, Mishawaka, IN). One day before the measurement, cage bedding was changed in order to avoid coprophagy, and the mice were fasted overnight (9:00 p.m. to 9:00 a.m.). After blood glucose measurement, a blood sample (about 100 μL) was collected from the tail vein. Serum was prepared, divided into small aliquots, and stored frozen at -80°C. Serum alanine aminotransferase (ALT) was determined using ALT Discrete Pak kit (Catachem Inc., Bridgeport, CT). The concentrations of serum triacylglycerols (TG), total cholesterol (TC), LDL-cholesterol (LDL-C), and HDL-C were measured using commercial kits (Pointe Scientific, Inc. Canton, MI). Serum insulin levels were measured using a Rat/Mouse Insulin ELISA kit (Millipore Corporation, Billerica, MA), and insulin resistance was calculated according to the homeostasis assessment model (HOMA-IR). HOMA-IR = [Glucose] × [Insulin]/22.5.
Sample Harvesting From Mice
After 17 and 33 weeks of treatment, five mice from the LF group and ten mice from the other two groups at each time point, without fasting, were euthanized by carbon dioxide asphyxiation. The blood was obtained via cardiac puncture; serum was prepared and stored at -80°C. Immediately after blood collection, the abdominal cavity was opened, the gallbladder was collected, transferred into a tube, frozen on dry ice, and stored at -80°C for further bile acid analysis. The liver was quickly dissected, weighed, and one-third of the left lateral lobe was cut and fixed in 10% buffered formalin for histopathological analyses. Another piece of liver (100 mg) from the same site of the liver was stored in RNAlater solution (Ambion, NJ) for RNA extraction and gene expression analysis. The remaining liver tissue was rapidly clamped with a Wollenberg clamp in liquid nitrogen and stored at -80°C for lipidomics and other biochemical analyses.
The distal end of ileum (3 cm) was cut, washed with ice cold saline, and stored in RNAlater solution (Qiagen Inc., Valencia, CA) for gene expression analysis. The remaining small intestine (including the content) was collected, frozen on dry ice, www.advancedsciencenews.com www.mnf-journal.com and stored at -80°C for bile acid analysis. The interscapular brown adipose tissue and visceral white adipose tissue, including mesenteric, epididymal, and perirenal fat pad, were collected, weighed, and stored at -80°C.
Hepatic and Fecal Lipids
The method of hepatic and fecal lipid determination was based on Manley et al. [11] In brief, 100 mg liver tissues or fecal samples were homogenized in 1 mL of buffer (18 mm Tris pH 7.5, 300 mm mannitol, 50 mm EGTA, and 0.1 mm phenylmethysulfonyl fluoride). The homogenate (400 μL) was mixed with 2 mL of chloroform-methanol (2:1), and shaken on a rotating shaker overnight at room temperature. Then, 1 mL of H 2 O was added and the mixture was centrifuged for 5 min at 3000 × g at 4°C. The lower lipid phase was then collected and dried by vacuum centrifugation. The dried lipid pellet was weighed and then dissolved in a mixed solvent (tert-butanol: Triton X-114: methanol, 9:4:2). The TG and cholesterol levels were determined using commercial kits according to manufacturer's instruction (Pointe scientific, Inc. Canton, MI).
Liver Histology
For histological examination of the liver, the formalin-fixed liver tissue samples were embedded in paraffin, sectioned serially at 4-μm thickness and stained with hematoxylin and eosin. The severity of fatty liver was evaluated by a steatosis scoring system described by Liang et al. [12] Macrovesicular steatosis, microvesicular steatosis and hepatocellular hypertrophy were scored and the severity in each category was graded, based on the percentage of the total area affected, into the following categories: 0 (<5%), 1 (5-33%), 2 (34-66%) and 3 (>66%). The unweighted sum of the scores for steatosis (macrovesicular steatosis, microvesicular steatosis, and hypertrophy) thus ranged from 0 to 9.
Lipidomic Analysis of Liver and Serum
Frozen liver samples (30 mg) were weighed and pulverized in a CryoMill machine (Retsch, Germany) with a stainless ball at liquid nitrogen temperature. Pulverized tissue powder was mixed by vortexing with 1 mL of 0.1 m HCl in 50% methanol and kept at -20°C for 30 min. Then 0.5 mL of chloroform was added to the mixture and vortexed to mix. After sitting on ice for 10 min, the samples were centrifuged at >15 000 RCF for 10 min. The chloroform phase was then transferred to a glass vial using a Hamilton syringe. For the second extraction, chloroform (0.5 mL) was added to the remaining mixture and the extraction was repeated. The combined extract was dried under a stream of nitrogen and redissolved in a mixture of methanol/chloroform/ 2-propanol (1:1:1). For serum samples, 50 μL of serum was extracted with 500 μL of ethyl acetate three times and the combined extract was processed as above. Fatty acids and lipids were analyzed on an Agilent 6550 iFunnel Q-TOF mass spectrometer coupled to a 1290 Infinity UPLC system. Each sample was analyzed twice using the same LC gradient but different ionization modes on the mass spectrometer to cover both the positive charged and negative charged species. The LC separation was achieved on an Agilent Poroshell 120 EC-C18 column (150 × 2.1 mm, 2.7 μm particle size) at a flow rate of 150 μL min -1 . The gradient was generated with solvents A and B as follows: 0 min, 25% B; 2 min, 25% B; 4 min, 65% B; 16 min, 100% B; 20 min, 100% B; 21 min, 25% B; and 27 min, 25% B. Solvent A contained 1 mm ammonium acetate and 0.2% acetic acid in 10% methanol. Solvent B contained 1 mm ammonium acetate and 0.2% acetic acid in methanol/2-propanol (2:98).
Total Bile Acid Contents in the Liver, Gallbladder, Small Intestine, and Fecal Samples
The bile acid levels in different tissues were determined using the method of Kim et al. [13] In brief, liver, intestine, gallbladder, and fecal samples were homogenized in PBS, mechanically shaken in 100% ethanol to extract the bile acids, and centrifuged to obtain the supernatant. Then ethanol was added to the pellet, vortexed to dispense the tissues, and shaken again to repeat the extraction. After centrifugation, the supernatants were combined for total bile acid analysis. The concentrations of bile acids were determined using a total bile acid assay kit (Diazyme Laboratories, Poway, CA). The total bile acid pool size was the sum of the bile acids in the liver, small intestine, and gallbladder, including their contents.
Gene Expression Analysis
Real-time quantitative PCR was employed to study the effects of EGCG on genes involved in lipid and bile acid metabolism. Total RNA was extracted from liver and ileum samples using a RNeasy mini kit (Qiagen Inc., Valencia, CA) and reverse transcription reaction was conducted using a Superscript kit (Invitrogen, Carlsbad, CA), following the manufacture's instruction. The quality of RNA was checked by spectrophotometry and electrophoresis. Real time quantitative PCR was performed using a Power SYBR Green PCR Master Mix kit (Life Technologies, Warrington, UK) on an ABI ViiATM 7 system. The expression level of a target gene mRNA was normalized to the mRNA level of glyceraldehyde 3-phosphate dehydrogenase. The amount of the target gene expression was calculated by the 2 − CT method. The sequences of the genes involved in the present study were obtained from Gene bank (www.ncbi.nlm.nih.gov/Genbank), and the sequences of primers used are listed in Supporting Information Table S1 .
Statistical Analysis
All data were expressed as the mean ± SEM and analyzed using the IBM SPSS Statistics 22.0 (IBM, Armonk, NY). Student's t-test was used to assess the difference between two groups. One-way analysis of variance (ANOVA) followed by Tukey multiple range www.advancedsciencenews.com www.mnf-journal.com analysis methods were employed to assess the differences among different groups. A significant level p < 0.05 was set for all tests. Statistical analyses of lipidomic data are shown in the respective sections.
Results
Body Weight, Food Intake, and Levels of Blood Glucose and Insulin
The body weight and food consumption were monitored weekly throughout the experiment. There was no significant difference in body weight among the three groups in the first week. Afterward, the body weights of mice in HFW and HFWE groups were significantly higher than that of the LF group. EGCG treatment significantly suppressed the body weight gain of mice during weeks 3-16 ( Figure 1A) . However, the body weights of mice in the HFW and HFWE group were not significantly different after week 17 ( Figure 1A ).
There was also no difference in food consumption of animals among three groups in the first 10 weeks. During weeks 11-16, the average diet intake of mice in the LF group appeared to be higher than the two other groups ( Figure 1B) . However, the food consumption of mice among the three groups was not significantly different at the end of the experiment.
To observe the development of metabolic abnormalities, fasting blood glucose levels were determined in samples collected at weeks 4, 8, 12, 16, 20, 24 , and 28. The blood glucose levels of mice in HFW and HFWE groups were significantly higher than those of mice in LF group after week 8 ( Figure 1C ). At weeks 12 and 16, EGCG treatment significantly decreased the blood glucose (by 22-24%). However, there were no significant differences in blood glucose levels between HFW and HFWE groups at weeks 20, 24, and 28 ( Figure 1C) . At week 12, the fasting serum insulin levels were increased by eightfold by HFW and the increase was partially prevented by EGCG ( Figure 1D) . A similar pattern of changes was also observed in the calculated insulin resistance index (HMOA-IR) ( Figure 1E ).
Adipose Tissue Mass, Hepatic Lipids, and Serum Lipids
Compared to the LF group, the liver weight was significantly augmented by the HFW and this effect was prevented by EGCG at week 17 (Table 1) . However, this preventive effect of EGCG was not observed at week 33. Consistent with the results on body weight, the adipose tissue mass of mice in the HFW group were notably higher than those of the LF group, especially for the mesenteric adipose, which was fivefold higher (Table 1) . EGCG treatment significantly decreased the mesenteric adipose tissue (at week 17 only), but not other types of fat.
The levels of serum lipid at weeks 8, 12, and 16 were examined ( Table 2) . HFW significantly increased the serum concentrations of TC and LDL-C at all-time points, and EGCG only partially prevented this effect at week 16. However, no significant difference in the levels of serum total TG was observed among the LF, HFW, and HFWE groups. Effects of dietary EGCG on body weight, food consumption, and levels of fasting blood glucose and insulin. The mice received low-fat diets (LF), high-fat western-style diet (HFW), and HFW + EGCG diet (HFWE, containing 0.32% EGCG). The number of mice used in the three groups were 10, 20, and 20, respectively. On week 17, 50% of the mice from each group were sacrificed and the remaining mice were sacrificed on week 33. A) Body weights; B) food consumptions (monitored weekly for five mice in each cage); C) blood glucose levels in mice after overnight fasting; D) and E) serum insulin and HOMA-IR on week 16. All data are expressed as mean ±SEM for A) (n = 10 and 5 before and after week 17 for LF group; n = 20 and 10 before and after week 17 for HFW and HFWE groups), B) (n = 2 and 1 before and after week 17 for LF group, 4 and 2 before and after week 17 for HFW and HFWE groups); and C)-E) (n = 5). Error bars smaller than the dimension of the symbol cannot be seen in the figure. a,b,c Significant difference among groups (ANOVA, p < 0.05); *Significant difference from the HFW group (t-test, p < 0.05).
The levels of hepatic total lipid content, TC, and TG were affected by dietary treatment (Figure 2) . HFW significantly increased (almost doubled) the total lipid and cholesterol contents, and EGCG treatment prevented these increases. EGCG, however, had no effect on the elevated hepatic TG levels caused by HFW, which was several-fold higher than the LF group.
On weeks 8, 12, and 16, mice in the HFW group had significantly elevated ALT levels as compared to the LF control group, suggesting the development of hepatotoxicity. EGCG treatment significantly prevented this event ( Table 2) . 
Hepatic Pathology
Histopathological analysis revealed no sign of fatty liver in the LF group ( Figure 2D, H) . In contrast, liver sections of mice from the HFW group were occupied by large areas of microvesicular steatosis, regions of evolving macrovesicular fatty change and hepatocellular hypertrophy ( Figure 2E and I). EGCG treatment markedly attenuated the severity of fatty liver on week 17, with decreased microvesicular steatosis, macrovesicular steatosis, and hepatocellular hypertrophy ( Figure 2F ). Compared to the LF group, the average histological hepatic steatosis score of mice in the HFW group was several-fold higher, and that for the HFWE group was significantly lower on week 17 ( Figure 2G ). On week 33, there was much more macrovesicular change, with marked increase in acute and chronic inflammatory cells in sinusoids and around portal triad than on week 17. There was also occasional hepatocyte necrosis, but not fibrosis, of the liver ( Figure 2I ). At this time point, however, EGCG treatment did not have a statistically significant effect on liver histopathology and on steatosis score ( Figure 2J and K).
Lipidomic Analysis of Liver and Serum Samples
The liver and serum samples on week 17 were analyzed by UPLC-ESI-QTOF/MS operating in both positive and negative ionization modes, and compared with a standard chemical compound database. A total of 33 free fatty acid species (FFA, negative ion mode) and 179 lipid species (positive ion mode) were identified in the liver (Supporting Information Table S2 ), including cholesteryl esters, ceramides (CM), phosphatidylcholines (PC), phosphatidylethanolamines (PE), sphingomyelins (SM), diacylglycerols (DG), and TG. Principal component analysis (PCA) distinguished mice among three groups using hepatic lipidomic data, and the first principal component factor placed the HFWE group in between the HFW and LF groups, suggesting that EGCG abrogate some of the effects of the HFW diet ( Figure 3A) . However, ion signals of FFA (acquired in negative mode) were indistinguishable among experimental animals in the three groups ( Figure 3B ). OPLS-DA (orthogonal partial least squares -discriminant analysis) [14] of the lipidomic data also clearly separated mice from HFW and HFWE group as shown by the score plot (Supporting Information Figure S1 ). This clustering is mainly due to changes in the levels of DG (34:1), DG (34:2), DG (36:2), DG (36:3), PC (38:3), TG (52:2), TG (52:3), TG (52:4), and SM (18:1/22:0), as suggested by the S-plot. These lipid species are generally the more abundant species also found in the later analysis as shown in Figure 4 . The S-plot can decrease the risk of false positives in the selection of potential biomarkers and thus complements the analysis in Figure 4 .
With the liver samples collected on week 33, both PCA and partial least squares-discriminant analysis (PLS-DA) analysis of the lipidomic data distinguished mice in the LF group from the other two groups. However, both models could not differentiate mice between HFW and HFWE groups (Supporting Information Figure S2 ). The contents (peak heights) of all the lipid species analyzed in the liver of mice at week 33 are listed in Supporting Information Table S4 .
The lipidomic data of liver samples from week 17 were examined by ANOVA. There were 138 individual lipids that showed significant difference between the HFW and LF groups. EGCG treatment significantly changed the contents of 72 lipid species, mostly in neutralizing the effects of HFW. DG and TG were the two most abundant classes altered by dietary treatments. Specifically, HFW significantly elevated the levels of 24 DG species (compared to the LF group). EGCG treatment prevented the HFW-induced elevation of almost all of DG species ( Figure  4A ). In TG, the species with more unsaturated fatty acids (from dietary sources) are expected to be increased by HFW, while those with less unsaturated fatty acids (from biosynthesis) are expected to be decreased. This pattern was observed in many but not all TG species (Supporting Information Table S2 ). Among the 21 TG species that were affected by EGCG, the more abundant ones (TG 52:2, 52:3, 52:4, 54:3, and 54:4) were decreased by HFW, and EGCG partially or fully prevented this decrease ( Figure 4B ). The levels of many PC species were decreased and some were increased by HFW; EGCG prevented the HFW-induced lowering of PC species with 4-6 double bonds (PC 36:5, 36:6, 40:4, and 42:5) and HFW-induced increasing of some PC species with less double bonds (PC 36:3, 38:3) (Supporting Information Table S2 ). HFW lowered the levels of most of the SM and PE species, and EGCG partially prevented some of these effects (Supporting Information Table S2 ). Of the 24 CM species, many species were increased and many others were decreased by HFW, and some of these actions were prevented by EGCG. In all the 33 FFA species measured, no significant difference among the three groups was observed (Supporting Information Table S2 ), consistent with the results of the PCA ( Figure 3B) .
In lipidomic analysis of serum samples collected at week 17, a total of 37 FFA (negative ionization mode) and 175 other lipid species (positive ionization mode) were identified. PCA distinguished mice among three groups using serum lipid species identified both in positive and negative ionization modes ( Figure 3C, D) . The first principal component factors of both two modes placed the HFWE group further away from the LF group than the HFW group, suggesting EGCG treatment had activities beyond neutralizing the HFW effects. The score plot in the OPLS-DA also clearly separated mice from HFW and HFWE groups, and the S-plot suggested that the clustering were mainly due to changes in the levels of PC ( Figure S2 ). These species are generally the more abundant species found in the analysis shown below (Figure 5) .
ANOVA analysis showed that HFW altered 66 lipid species and 24 free fatty acid species in the serum (compared to the LF group). In comparison to the HFW group, EGCG treatments significantly changed the levels of 64 lipid species, including two CM, 24 PC, 11 PE, eight SM, eight DG, and 11 TG species, and 14 FFA species (Supporting Information Table S3 ). The levels of DG in the serum were rather low and were not significantly altered by HFW (Supporting information Table S3 ); however, 50% of the DG species were increased by EGCG treatment ( Figure  5A ). Out of the 72 TG species measured, five species were decreased and four species were increased by HFW; nine species were increased by EGCG treatment and all these TG species contained greater than or equal to eight double bonds (Supporting information Table S3 ). Some PC species were decreased and some other species increased by HFW, and EGCG increased the levels of more abundant PC species ( Figure 5B ). The total levels of serum FFA species were increased by HFW and decreased by EGCG (Supporting information Table S3 ). Specifically, EGCG decreased the levels of five abundant and eight less abundant FFA www.advancedsciencenews.com www.mnf-journal.com species, mostly to levels even lower than the LF groups ( Figure  5C ), with only one minor species increased in level by EGCG. While HFW decreased many PE species and increased some SM species, EGCG treatment increased the levels of most of the lipid species in PE and SM classes. Of the 13 CM species measured, six were increased by HFW, of which two species were decreased by EGCG (Supporting Information Table S3 ).
Bile Acid Pool Size, Fecal Bile Acids, and Fecal Lipids
To examine the role of bile acid homeostasis in the lipid-lowering effect of EGCG, the bile acid pool size was investigated. The intestinal bile acid contents were markedly increased (doubled) by HFW resulting in an enlarged bile acid pool, and EGCG prevented these increases (Figure 6A, D) . The dietary treatments, however, did not significantly affect the hepatic and gallbladder contents of bile acids ( Figure 6B, C) . HFW appeared to decrease fecal excretion of bile acids (nonsignificantly), but EGCG significantly increased the fecal total bile acid content (by 1.5-fold) (Figure 6E) . Mice in the HFW group also had significantly higher fecal total lipid and cholesterol levels than those of the LF group, and EGCG further increased the fecal lipid and cholesterol excretion ( Figure 6F, G) .
Hepatic mRNA Expressions of Lipid and Bile Acid Metabolizing Genes
The expressions of hepatic and ileal genes related to bile acid homeostasis were investigated. The hepatic mRNA level of Cyp7a1 was induced by EGCG to 5.6-fold or threefold the value of the HFW or LF group, respectively ( Figure 7A) . EGCG also prevented the HFW-induced downregulation of hepatic www.advancedsciencenews.com www.mnf-journal.com Figure 6 . Effects of dietary treatments on total bile acids, fecal bile acids, and fecal lipids. On week 17, the total bile acid contents were measured in the small intestine A), gallbladder B), and liver C). The bile acid pool size D) is the sum of total bile acid contents in these samples. Also shown are the fecal bile acid contents E) on week 17 and the fecal levels of total fat F) and cholesterol G) on week 20. All data are expressed as mean ± SEM (for LF group, n = 5; for HFW and HFWE groups, n = 10). a,b,c Significant difference, (ANOVA, p < 0.05).
mitochondrial sterol 27-hydroxylase (Cyp27a1, a key enzyme for the bile acid alternative synthesis pathway). The gene expression of farnesoid X receptor was also significantly increased by EGCG ( Figure 7A ). The mRNA level of the nuclear receptor small heterodimer partner, however, was not changed. Similarly, EGCG did not alter the mRNA levels of ATP-binding cassette transporter 5, apical sodium-dependent bile acid transporter (ASBT), or intestinal fibroblast growth factor 15 in the ileum ( Figure 7B ).
The expression of hepatic HMG-CoA reductase, LDL receptor (LDLR), and scavenger receptor B1 was significantly elevated by EGCG, neutralizing the downregulation effect of the HFW (Figure 7C) . The hepatic mRNA expression of cluster of differentiation 36, also known as fatty acid translocase (FAT), was decreased by EGCG (neutralizing the effects of HFW), and that of peroxisome proliferator-activated receptor-alpha (PPARα) was further increased ( Figure 7D ). However, the gene expression of fatty acid synthase, stearoyl-CoA desaturase 1, and mitochondrial trifunctional protein (MTP) were not altered by EGCG treatments (Figure 7D ).
Discussion
The objective of the present study was to characterize the effects of EGCG in alleviating metabolic abnormalities and fatty liver disease, as well as to explore the underlying mechanisms. Our data clearly demonstrate that supplementation of EGCG to the HFW significantly reduces the body weight gain, mesenteric fat mass, fasting blood glucose levels, insulin resistance, serum cholesterol and ALT levels, hepatic lipid contents, and severity of hepatic steatosis around week 17. These observations are consistent with our previous results. [10] However, upon prolonging the experiment to 33 weeks, some of the beneficial health effects of EGCG were no longer apparent (Figure 1 and Tables 1 and 2 ). Such a trend was also observed in previous studies.
[ 10] The mechanisms of this time-dependent change are not clearly known. It may reflect the growth pattern, homeostasis, and biological adaptation of the mice in this model system. The body weight gain of mice in the HFW group slowed down or plateaued after week 16, whereas the body weight of mice in the HFWE group still increased; thus, the growth-inhibition effect of EGCG was no longer observed around week 32. Similarly, the increase of fasting blood glucose levels stopped in the HFW group after week 16, but continued in the HFWE group. Even the LF group showed an increase in fasting blood glucose levels after week 12 and accelerated after week 24. By week 28, no significant differences in fasting blood glucose levels were observed among the three groups. In human studies, it has also been speculated that the beneficial effects of tea polyphenols against obesity were more robust in short term studies than long term studies. [15] The alleviation of obesity, MetS, and fatty liver disease by tea polyphenols, in particular EGCG, has been demonstrated, and two types of mechanisms of action have been proposed. [2] (1) In the gastrointestinal tract, EGCG lowering the absorption of lipids and protein and/or affects microbes and other factors. (2) After absorption, EGCG promotes catabolism and inhibits biosynthesis in the liver and other tissues, possibly by the activation of AMP-activated protein kinase (AMPK). [2] ] Our results highlight the importance of modulating bile acid homeostasis by EGCG in lowering lipid absorption.
The observed lower intestinal bile acid levels and the higher levels of fecal bile acids in EGCG-treated mice suggest that EGCG decreases bile acid reabsorption. It is estimated that about 90-95% of bile acids released from gallbladder into the intestinal tract are reabsorbed. [16] The intestinal reabsorption mainly occurs at the terminal ileum by the apical sodium-dependent bile salt transporter (ASBT; SLC10A2). [17] The inhibition of ABST function by EGCG has been observed in vitro in cell lines, [18] and may occur in our experimental system. In addition, EGCG may bind bile acids and alter the structure of micelles consisting of neutral lipids, phospholipids, and cholesterol, [19] leading to decreased lipid absorption or reabsorption. The biliary secreted bile acids are reabsorbed in distal ileum, predominantly as conjugated forms. Microbial deconjugation carried out by gut bacterial bile salt hydrolase, which removes the glycine or taurine moiety, could decrease intestinal active reuptake of bile acids and increase their fecal elimination. [20] [21] [22] [23] EGCG has been reported to have significant effects on intestinal microbiota [24] [25] [26] and could alter the deconjugation of bile acids. The lower bile acid pool would decrease fat absorption, leading to the observed lower www.advancedsciencenews.com www.mnf-journal.com Figure 7 . Effects of treatment on mRNA expression levels of genes in the liver and ileum. Mice were sacrificed on week 17. mRNA expression of key genes related to bile acid metabolism were measured in the liver (A) and ileum (B). mRNA expression of key genes related to cholesterol and fatty acid metabolism in the liver are also shown (C) and (D). All data are expressed as mean ± SEM (for LF group, n = 5; for HFW and HFWE groups, n = 10). a,b,c Signficant difference among groups (ANOVA, p < 0.05).
hepatic levels of fats and cholesterol accompanied by increased fecal excretion.
PCA analysis of liver lipidomic data suggest that EGCG partially prevented the changes caused by HFW. However, the results from serum lipidomic PCA analysis suggest the activity of EGCG is beyond neutralizing the effects of HFW (Figure 3 ). These results are consistent with the conclusion drawn from the analysis in Figures 4 and 5 . The effects of EGCG in affecting different lipid species in the liver and blood are not fully understood. Suppression of cluster of differentiation 36 expression by EGCG ( Figure  7D ) is expected to decrease hepatic uptake of fatty acids from the blood. This mechanism may contribute to the decreased levels of hepatic DG species and increased levels of serum DG species caused by EGCG. The basis for many of the changes on specific lipid species due to the treatments with HFW and EGCG are unclear and need to be investigated further. Some of the described changes in lipid species may be false positives, and the species suggested by the S-plots in Supporting Information Figures S1 and S3 may carry more weight.
It is interesting that EGCG decreased the serum levels of many of the free fatty acids species that were elevated by HFW. DG and FFA are lipid species associated with lipotoxicity. [27] [28] [29] [30] It was reported that the increased hepatic DG content led to the activation of novel protein kinase Cϵ resulting in decreased insulin signaling in the pathogenesis of nonalcoholic fatty liver disease (NAFLD) associated hepatic insulin resistance and type 2 diabetes, [31] and that serum FFA levels correlated with NAFLD and could be used as an indicator for predicting advanced fibrosis in NAFLD patients. [32] The lower levels of hepatic DG and serum FFA in the EGCG-treated group may be related to the protective effect of EGCG.
PC is the major phospholipid component of all plasma lipoprotein classes. [33] Hepatic PC is necessary for the packaging and export of triglycerides in very LDL [34] and for the solubilization of bile salts for secretion. [35] The HFW was used in this study to mimic dietary risk factors for NAFLD. [10] The lower dietary levels of choline and folate (than the LF diet), however, only decreased the levels of some PC in the liver. The effect of the low choline/folate status on the development of fatty liver in our study is unclear. It was reported that the concentration of serum PC in individuals with steatohepatitis was significantly lower than that of healthy, age-, and sex-matched controls. [25] The elevated levels of serum PC levels by EGCG is consistent with the alleviation of fatty liver by EGCG as shown in Figure 2 .
In the present study, the hepatic mRNA levels of Cyp7a1 and Cyp27a1 were markedly increased by EGCG. This result is consistent with recent reports on the upregulation of Cyp7a1 by tea catechins in vitro and in vivo. [3, 4, 36, 37] Cyp7a1 and Cyp27a1 are the rate-limiting enzymes of classical and alternative pathways for bile acid synthesis, respectively. [16] The elevated expressions of these two genes indicate a potential enhanced biosynthesis of bile acids, possibly a compensatory response of the decreased levels of hepatic bile acids. The enhanced bile acid biosynthesis would use more cholesterol as the substrate and reduce hepatic cholesterol levels. This would elevate the expression of HMG-CoA reductase (the rate-limiting enzyme of cholesterol synthesis) as we observed. LDLR and SR-BI are key receptors for cells to absorb cholesterol from circulation, [16] and the enhanced expression of these genes by EGCG in the liver ( Figure 7C ) would enhance hepatic uptake of cholesterol. This is consistent with the decreased levels of serum LDL-C and HDL-C (Table 2) . Collectively, our data demonstrated that EGCG treatment significantly altered www.advancedsciencenews.com www.mnf-journal.com hepatic bile acid and cholesterol metabolism in mice maintained on HFW diet.
In conclusion, our results demonstrate that dietary EGCG modulates bile acid homeostasis and alleviates the metabolic abnormality and fatty liver disease caused by a high-fat diet. These beneficial effects are proposed to be due to the decreased intestinal bile acid reabsorption, decreased lipid absorption, reduced hepatic lipid load, and altered hepatic and lipid metabolism. The results on gene expression and lipidomic analysis provide more detailed information on these events. The time-dependent action of EGCG on its beneficial health effects needs further investigation.
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